Kinetics of fluorescence changes on top of three different lipid bilayers due to lateral proton migration. The observation area was located at a distance of 70 μm from the area of proton release. Because all FPE molecules are surrounded by DPhPC or DPhPE molecules, they are anticipated to accept protons, which are released from these molecules. GMO does not possess ionizable moieties so that in case of two-dimensional diffusion, proton release from one FPE molecule seems to be required before the next FPE molecule may pick up the proton. Despite the huge differences in proton release rates from the different lipids, τ max for all three lipid bilayers was similar. That is, lateral proton diffusivity is independent of the choice of the lipid. The buffer contained 0.1 mM Capso (pH 9.0) and 100 mM NaCl. The F1 Wv/+ mice were then backcrossed to A/J mice for 10 generations, creating A/J N10 Wv/+ mice. These were then crossed to B6 Wv/+ mice to create F1 wildtype and F1 Wv/Wv mice for study. A/J mice had an increased airway resistance compared to B6 mice, and F1 mice had a naïve AHR phenotype equivalent to their parental A/J strain. F1 Wv/Wv mice displayed an airway resistance similar to normoresponsive B6 mice. Values represent mean ± SE, n = at least 10 in each group.
Kinetics of fluorescence changes on top of three different lipid bilayers due to lateral proton migration. The observation area was located at a distance of 70 μm from the area of proton release. Because all FPE molecules are surrounded by DPhPC or DPhPE molecules, they are anticipated to accept protons, which are released from these molecules. GMO does not possess ionizable moieties so that in case of two-dimensional diffusion, proton release from one FPE molecule seems to be required before the next FPE molecule may pick up the proton. Despite the huge differences in proton release rates from the different lipids, τ max for all three lipid bilayers was similar. That is, lateral proton diffusivity is independent of the choice of the lipid. The buffer contained 0.1 mM Capso (pH 9.0) and 100 mM NaCl. Protons migrate along interfacial water without significant contributions from jumps between ionizable groups on the membrane surface Edited by Arieh Warshel, University of Southern California, Los Angeles, CA, and approved July 25, 2011 (received for review May 11, 2011) Proton diffusion along membrane surfaces is thought to be essential for many cellular processes such as energy transduction. Commonly, it is treated as a succession of jumps between membraneanchored proton-binding sites. Our experiments provide evidence for an alternative model. We released membrane-bound caged protons by UV flashes and monitored their arrival at distant sites by fluorescence measurements. The kinetics of the arrival is probed as a function of distance for different membranes and for different water isotopes. We found that proton diffusion along the membrane is fast even in the absence of ionizable groups in the membrane, and it decreases strongly in D 2 O as compared to H 2 O. We conclude that the fast proton transport along the membrane is dominated by diffusion via interfacial water, and not via ionizable lipid moieties.
chemiosmotic theory | fluorimetry | planar bilayer | proton-collecting antenna P roton diffusion along membrane surfaces is thought to provide an efficient link between sites of proton release and proton consumption (1) . Membrane surfaces seem to interact with membrane-bound protein to increase proton-delivery rates to buried intraprotein sites. For example, wiring of the membranebound proton pump cytochrome c oxidase via specific amino acid residues to the membrane surface enables fast proton transfer to the catalytic site (2) . Similarly, proton shuttling along the membrane from the mouth of the monocarboxylate transporter to neighboring carbonic anhydrase molecules was reported to be essential for an efficient lactate import via the cotransporter (3, 4) .
The mechanism that is responsible for the two-dimensional confinement of protons to the membrane surface is unclear. According to molecular dynamics simulations, phosphate and carbonyl groups stabilize the hydrated excess proton. However, proton release from these groups was so slow that the hydrated proton essentially followed the lipid motion (5) .
This observation agrees well with theoretical predictions of the lateral proton (or hydroxyl ion) diffusion constant D B . Commonly the lateral proton movement along the membrane surface is treated as a succession of multiple binding events, each followed by proton release. Because of the short distances between the ionizable membrane-anchored groups B, D B is entirely determined by the reaction constants of B. The protonation of most ionizable groups is diffusion limited, so that k on is in the range of 2 × 10 10 s −1 M −1 (6) . Consequently, the equilibrium constant determines the dissociation rate k off . For example, the pK ∼ 9.6 (7) of phosphatidylethanolamine (PE) corresponds to a k off ¼ 2 × 10 ð10−pKÞ s −1 ≈ 5 s −1 . Because k off sets the upper limit to the number of jumps v per unit time, D B is equal to (8)
Assuming that the average length l of a hop is equal to the distance between two PE molecules (approximately 10 Å), we arrive at D B ∼ 10 −14 cm 2 s −1 . Because the diffusion constant of a lipid molecule is orders of magnitude larger (9), excess proton and lipid move together. pK ∼ 2.2 of phosphatidylcholine (PC) (6) corresponds to k off ≈ 2 × 10 ð10−2.2Þ s −1 ≈ 1.3 × 10 8 s −1 . Accordingly, Eq. 1 predicts that substitution of membrane PE by PC speeds up diffusion by seven orders of magnitude. But with D B ∼ 10 −7 cm 2 s −1 , the time interval τ b ∼ δ 2 ∕4D B , which the surface proton requires to cross the distance δ between two spots on the membrane is at least an order of magnitude larger than the respective time interval τ c ∼ δ 2 ∕6D C of a bulk proton. Assuming that the diffusion coefficient D C of the proton carrier in the bulk is approximately 5 × 10 −6 cm 2 s −1 or higher, we arrive at a ratio τ b ∕τ c > 75. That is, the surface proton would be unable to compete with the faster bulk protons, and the contribution of the surface proton to processes such as energy consumption would be physiologically irrelevant.
We conclude that there is a discrepancy between the biological significance attributed to the surface proton and the current concept of its movement along the membrane. In addition, we found that D B on PC membranes is orders of magnitude larger (10) (11) (12) than suggested by the "jump" model (Eq. 1). The goal of the present work was to solve the conundrum. Therefore, we tested the jump model of lateral proton diffusion by changing the lipid composition of freestanding planar membranes. The observed independence of D B on proton release rates from ionizable lipids indicated that the jump model is invalid. A lateral proton transport mechanism must exist, which is independent from jumps between ionizable membrane moieties.
Theoretical Model
The immobile buffer molecules B imbedded in the membrane compete with mobile buffer molecules C in the aqueous solutions for the proton:
In addition, transfer reactions between the mobile and immobile buffer molecules should be considered: 
The differential equations for the combined processes of diffusion and chemical reactions (formulas 2-4) adopt the following form (13):
where U is the concentration of the ith species. i ¼ 1, 2, 3, and 4 denotes the protonated fixed buffer BH, the protonated soluble pH buffer, CH; the hydroxyl anion, OH − ; and the deprotonated soluble pH buffer, C − , respectively. Proton movement along the surface is characterized by the diffusion coefficient D B . It is described as a one-dimensional process because H þ release from a long stripe allowed reduction of system dimensionality (Fig. 1) . The rates of expenditure Q i of the ith species were calculated from formulas 2-4:
where B 0 ¼ U B − þ U BH is the total concentration of the immobile buffer. Because mobile buffer molecules outnumber B 0 by orders of magnitude, Eq. 4 may be neglected in Q 2 and Q 4 . All rate constants are known (compare Table S1 ). Thus, the model contained only two variable (unknown) parameters, the surface diffusion coefficient D B and the probability B XC of proton release from the surface into the bulk, which were both varied to fit the model to the experimental results. According to B XC ¼ expð−ΔG∕RTÞ, B XC may serve as a rough measure of the energy barrier ΔG to proton surface to bulk release. A solution for the system of partial differential equations (PDEs) (Eqs. 5 and 6) as obtained via an adaptive-grid finite-difference solver for time-dependent parabolic two-dimensional PDEs (14) .
Results
First we tested whether lateral proton diffusivity between the site of release and the site of measurement ( Fig. 1 ) depended on the choice of the lipid. We used glycerolmonoleate (GMO), diphytanoyl phosphatidylcholine (DPhPC), or diphytanoyl phosphatidylethanolamine (DPhPE). A UV flash released the protons in less than 2 ns from membrane-bound (6,7-dimethoxycoumarin-4-yl) methyl (DMCM) caged diethyl phosphate (11), which was adsorbed to freestanding horizontal planar lipid bilayers. The resulting decrease of membrane surface pH was indicated by the decrease of FPE fluorescence ( Fig. 1 ). For all three lipids the time τ max (compare Fig. 1 Inset) between the flash and the subsequent appearance of the maximum of the pH shift was equal to roughly 0.24 s (Fig. 2) . Assuming a point-like H þ source and a dimensionless measurement spot, τ max , of approximately 0.24 s allows calculation of an apparent diffusion coefficient D app ≈ s 2 ∕ 4τ max ∼ 5 × 10 −5 cm 2 s −1 for all three lipid membranes, where s ¼ 70 μm is the distance between the site of release and the measurement spot.
For a more sophisticated analysis, we fitted the PDE system (Eqs. 5 and 6) to the experimental traces ( Kinetics of proton release from ionizable groups of three different lipids (Top) and kinetics of fluorescence changes on top of three different lipid bilayers due to lateral proton migration (Bottom). The observation area was located at a distance of 70 μm from the area of proton release. Because all FPE molecules are surrounded by DPhPC or DPhPE molecules, they are anticipated to accept protons, which are released from these molecules. GMO does not possess ionizable moieties so that in the case of two-dimensional diffusion, proton release from one FPE molecule seems to be required before the next FPE molecule may pick up the proton. Despite the huge differences in proton release rates from the different lipids, τ max for all three lipid bilayers was similar. That is, lateral proton diffusivity is independent of the choice of the lipid. The buffer contained 0.1 mM Capso (pH 9.0) and 100 mM NaCl.
ionizable moieties, S 0 ∼ 4;000 Å 2 was derived from the relative FPE concentration.
For GMO membranes, B XC ∼ 3 × 10 −6 resulted in a reasonable fit for times t ∼ τ max . Such B XC corresponds to an energy barrier of approximately 13 RT (where R is the gas constant and T is the temperature). In case of smaller barriers, the protons were all lost into the bulk before arriving at the measurement site. For DPhPC and for DPhPE membranes, B XC was even smaller (Fig. 2) . The increased barrier for proton surface to bulk release reflects the availability of membrane-anchored buffer molecules. Most importantly, Fig. 2 also shows that the jump model is invalid. In contrast to the seven orders of magnitude difference predicted for proton diffusion along the three lipids, a single D B value of about ð5 AE 1Þ × 10 −5 cm 2 s −1 allowed fitting of all experimental traces for t ≤ τ max . For t > τ max the theoretical H þ concentrations decayed back to baseline faster than the experimental traces. Most conceivably, the discrepancy was due to the fact that the model did not take into account the minor fraction of protons, which was released from caged compounds dissolved in the bulk. Their presence cannot be completely avoided even by focusing the UV flash onto a small membrane spot and using hydrophobic caged protons. These "bulk" protons did not confound our theoretical analysis because (i) they were outnumbered by "membrane" protons and (ii) they arrived at the measurement site after the membrane protons due to the larger travel distance.
Proton diffusion through the bulk is not compatible with the observed τ max of approximately 0.24 s because (i) the mobile buffer Capso (3-(cyclohexylamino)-2-hydroxy-1-propanesulfonic acid) would have carried approximately 2∕3 of the bulk protons and because the characteristic time of Capso's diffusion over a distance of 70 μm would have been ≈s 2 ∕6D 2 ∼ 1.2 s. To arrive at these numbers, we first estimated buffer capacity β:
where C 0 ¼ U C− þ U CH was the total Capso concentration. The respective diffusion coefficients D 2 and D 4 were both equal to about 7 × 10 −6 cm 2 s −1 . We assumed that a spatially invariant β may be used, which was calculated for an average pH of 7.5, although pH increased from 7.0 in the area where the proton is uncaged (index u) to pH 8.0 in the observation area (index o). The superposition of H þ , of OH − , and of buffer fluxes result in the total flux J:
Because H þ and OH − diffusion contributed less than 30% to J, τ max of approximately 0.24 s (Fig. 2 ) must be the result of proton migration along the membrane surface.
We figured that an increase in mobile buffer concentration eventually leads to a situation where all excess protons are captured by buffer molecules and thus reach the measurement spot by bulk diffusion. Indeed at 1.2 mM Capso τ max was equal to 1.02 s on a GMO membrane (Fig. 3) . This observation indicated that in case of large β-surface proton diffusion was negligible. Vice versa, it confirmed that in case of small β (Fig. 2) , the proton diffused laterally along the membrane.
To increase the accuracy of D app and D B determination, we recorded families of traces where all conditions but s were kept constant. Making a global fit of the PDEs to such complete sets of experimental traces revealed D B ≈ 3.5 × 10 −5 cm 2 s −1 and B XC ≈ 3 × 10 −6 for GMO membranes (Fig. 4 ). Using these model parameters, we calculated a time series of signal amplitudes as a function of the distance the area of proton release (Fig. S1 ). For the reasons outlined above, the model described the experiment satisfactorily only for t ≤ τ max . Plotting τ max versus s 2 (Fig. 4 Inset) returned D app ≈ 4 × 10 −5 cm 2 s −1 . Thus, D app and D B are in reasonable agreement with each other (Table S2) .
To confirm that B XC is a meaningful quantity, we carried out a model independent analysis. We estimated that surface pH increased from 7.3 at time point τ max ;o1 at the first site (s o1 ¼ 45 μm) to 8.1 at τ max ;o2 at the second site (s o2 ¼ 55 μm). Assuming (i) that all protons arrived exclusively due to surface diffusion at both the first and at the second sites and (ii) that this diffusion is due to hops of a unitary length of approximately 0.25 nm allowed calculation of the apparent probability B app of proton surface to bulk release during a single hop: The data for proton diffusion along a DPhPC membrane were taken from a previous publication (10) .
where n and ½H þ b denote the number of proton hops and the proton bulk concentration, respectively. Because B app ignores the finite sizes of release and of measurement areas as well as proton bulk diffusion, it may be considered to be in reasonable agreement with B XC . B XC and B app suggest that the energy barrier to proton release from a GMO membrane amounts to about 11-13 RT.
Carrying out the same analysis for proton diffusion along DPhPC membranes revealed B XC ≈ 5.5 × 10 −7 and a D B of 2.5 × 10 −5 cm 2 s −1 (data were taken from ref. 10). Calculation of the time series of the signal amplitudes as a function of the distance visualizes that (i) the excess proton stays longer at the surface (Fig. S1 ) and that lateral migration is slower than on a GMO membrane (Fig. S2) . Recalculation of D app (with s taken as the distance between the midpoints of uncaging and measurement areas) led to 2.5 × 10 −5 cm 2 s −1 . Because pH at the corresponding τ max decreased from 8.4 to 8.2 for s o1 ¼ 57 μm and s o2 ¼ 76 μm, respectively, we arrive at B app ≈ 5.5 × 10 −6 . Accordingly, the barrier responsible for retarded proton release from a DPhPC membrane is in the range of 12-16 RT.
From the pK of FPE, which is equal to approximately 8.5, follows that k off ¼ 2 × 10 ð10−8.5Þ s −1 ≈ 63 s −1 ; i.e., it takes FPE 16 ms to receive a proton from another FPE molecule. Because FPE is the sole proton-binding moiety in our GMO membranes, Eq. 1 predicts D B ∼ of 10 −13 cm 2 s −1 . That is, if proton surface diffusion was due to jumps between binding sites, the proton should travel six orders of magnitude faster along the PC membrane as compared to GMO membranes. In contrast, the difference between the D B (D app ) values obtained for GMO and DPhPC was equal or smaller than two.
We varied the surface density of ionizable residues to probe the relative contributions of diffusion via lipids and via water. For each concentration of PE and lipid bound dye molecules in GMO bilayers we carried out experiments similar to the one in Fig. 4 . Instead of observing a 3.2-fold difference in proton diffusivity due to the decrease in l, D app decreased only 2-fold upon a 10-fold increase of immobile buffer concentration (Fig. S3) . Moreover, the effects observed upon introducing PE or FPE molecules were similar, despite their different pK values of 8.4 and 9.6. It is worth noting that even at the lowest U B0 value, the time required to cross the distance between fixed buffer sites by diffusion is orders of magnitude smaller than the time required to release the proton from any of these sites. That is, according to Eq. 1 release times >0.1 s have to be compared with τ D ≈ s 2 ∕4D app ≤ ð3 nmÞ 2 ∕4 × 2 × 10 −9 m 2 s −1 ∼ 1 ns. If the residence time of a proton on the immobile buffer does not correlate with its mobility on the membrane surface, a mechanism that is different from the jump model should exist. We substituted H 2 O for D 2 O and measured D B again to test whether the proton (i) migrates along the surface by a mechanism similar to the one in bulk water, in which the rate-determining step is hydrogen-bond cleavage or (ii) moves along hydrogenbonded chains where the fast proton displacement within an individual H bond from the donor to the acceptor is rate limiting. In the latter case, we expected an isotope effect ranging from 2.5 to 7 (15) . In the former case, the kinetic isotope effect should be approximately ffiffi ffi 2 p (16). To account for the effect that the reading taken from a glass pH electrode deviates from the true pD of D 2 O solutions by 0.4 units (17), we carried out our D 2 O experiments at pD 9.4. Because deuterons generally are held more tightly than protons, we solved our system of PDEs assuming that pK of all fixed and mobile buffers increased by 0.5 units in D 2 O (17).
We obtained D app ∼ 10 −5 cm 2 s −1 for both GMO and DPhPC membranes in heavy water (Fig. 5) . Most notably, the barrier for proton surface to bulk release decreased. Fitting the PDEs to the time traces with DPhPC was possible with rather small D B (approximately 4 × 10 −6 cm 2 s −1 ). This result suggests that surface diffusion did not make a significant contribution to the overall proton transport in D 2 O.
If the vast majority of protons reach the measurement spot via bulk diffusion, an increase in mobile buffer concentration should have only a small effect on τ max . In line with these considerations, running the experiment of Fig. 3 in D 2 O revealed a 10% increase of τ max (from 1.13 to 1.24 s) upon a 12-fold increase of β (Fig. 6) . The contrast to the 5-fold increase of τ max in normal water confirms that the pathways of a proton and a deuterion are very different: While the former moves preferentially along the membrane surface, the latter is transported via the bulk solution.
The lack of surface diffusion hampered the calculation of B app in D 2 O. Judging from D app , the isotope effect varies between two and four for DPhPC membranes and GMO membranes, respectively. The "true" isotope effect may be much larger. Its calculation would require the exact value of D B to be known. However, under conditions where surface diffusion is not the rate limiting step, determination of D B is subject to extremely large errors.
Discussion
Our experiments have shown that proton movement along the surface of planar membranes does not involve jumps between membrane-anchored proton-binding sites. We obtained four lines of evidence:
1. With approximately 4 × 10 −5 cm 2 s −1 the experimentally observed proton diffusivity is orders of magnitude faster then expected (compare Eq. 2) from any of the proton release constants from PE or PC headgroups or from the lipid anchored fluorescent dye (Fig. 2) Calculation of k off from lipid pK and the diffusion-controlled on rate is valid for a group in equilibrium with the solution. At close distance, i.e., in the case of neighboring lipids with just one or two intervening water molecules, proton transfer may occur along preexisting hydrogen bonds. In contrast to the equilibrium situation, the time constant for (PC)PE-hydroxide-PE(PC) or (PC)PE-hydronium-PE(PC) proton transfer does not depend on pK a . Calculation according to Marcus theory reveals that the apparent intrinsic barrier ΔG ≠ for the bimolecular proton transfer with one intervening water molecule is typically about 5 kcal∕mol (18) . In case of two intervening water molecules it increases to 7-12 kcal∕mol. Interestingly, Marcus theory also reveals that the intrinsic barrier ΔG ≠ for this kind of proton transfer reactions is approximately 1 kcal∕mol (18). This value is well compatible with (i) the observed D B on both PE and PC membranes. However, on a GMO membrane proton acceptor and proton donor are separated by approximately 14 water molecules. Bimolecular proton transfer with 14 intervening water molecules seems to be unrealistic, because it would require extremely high values of ΔG 0 . Thus, the nonequilibrium approach reveals the same result as the equilibrium assumption: The proton migration along the surface does not involve jumps between membraneanchored proton-binding sites.
If proton-binding sites are not a prerequisite for proton movement along the membrane surface, the origin of the energetic barrier for proton surface to bulk release is unclear. According to molecular dynamics simulations, phosphate groups may stabilize the hydrated excess proton (19) . However, proton release was so slow that the hydrated proton essentially followed the lipid motion (5) . Because such a slow lateral migration is in contrast to our experimental results, phosphate groups cannot hold to be responsible for the retarded surface to bulk transfer. Moreover, GMO does not contain phosphate moieties and yet lateral diffusion occurs.
Alternatively, computer simulations suggest that the barrier is due to the structure of the excess proton. It donates three hydrogen bonds to water molecules, but accepts none. As it strains the hydrogen-bond pattern of the surrounding liquid, this configuration is less stable in the bulk liquid (20) . The resulting barrier was determined to be approximately 6 RT adjacent to membranes made of carbon nanotubes (20) . This observation does not explain why the barrier adjacent to GMO membranes (8.8-10 RT) is smaller than that in the vicinity of DPhPC membranes (12) (13) (14) (15) (16) .
However, in the basic pH experimental environment charge transport is likely to be accomplished by the hydroxyl ion. In contrast to the Eigen cation, the "active" OH − adopts a tetrahedral OH − ðH 2 OÞ 3 configuration closely resembling that of a bulk water molecule (21) . That is, OH − ðH 2 OÞ 3 does not strain bulk water structure as does the Eigen cation H 9 O 4 þ , and therefore structural considerations do not suggest a surface location. Rather, electrostatic attraction keeps OH − close to the surface. The most likely source of this attraction is the membrane dipole potential φ D . For GMO membranes φ D is about 100 mV (22) (23) (24) with an orientation such that the membrane interior is positive. For the hydroxyl anion, φ D corresponds to an energy barrier of ΔG D ¼ zFφ D ≈ 4 RT. Besides, the presence of carbonyl groups in DPhPC augments φ D to about 220 mV (24, 25) , so that ΔG D would be equal to 8.8 RT. That is, the higher φ D of phospholipid membranes could explain the increased energy barrier to hydroxyl anion release, which we observed close to PE and PC bilayers. However, so far experimental proof for φ D 's contribution to the energy barrier is missing.
Both hydroxyl ion mobility and proton diffusivity are dominated by second-shell hydrogen-bond cleavage, and the isotope effect in the two cases is limited to 1.4-1.7 (26) . The larger isotope effect observed in our experiment would be in line with the idea that proton transfer within the H bond is rate limiting, i.e., it is compatible with the view that lateral transport along the membrane water interface occurs along extended hydrogen bonded chains. These chains do not necessarily include ionizable groups on the membrane surface. Rather water structuring at the interface seems to be mandatory for both providing the pathway and for generating the energy barrier opposing hydroxyl anion surface to bulk release.
Materials and Methods
Planar Membranes. Horizontal planar bilayer lipid membranes were formed from DPhPC (Avanti Polar Lipids), DPhPE (Avanti Polar Lipids) and GMO (Sigma-Aldrich) dissolved at 20 mg∕mL or alternatively at 100 mg∕mL for GMO in n-decane (Merck). The membrane-forming solution additionally contained from 0.5 to 3.5 mol % of FPE (Molecular Probes). The formation of the membrane was performed by spreading this solution across a circular aperture 0.2-0.3 mm in diameter in a diaphragm separating two aqueous phases of Teflon chamber. Top and lower aqueous phases had volumes of 0.5 mL and 2 mL, respectively.
The aqueous phase located directly under the membrane was about 100 μm in height and confined by a lucent basement (Seal View, Roth). The aqueous salt solution (100 mM NaCl) inside the chamber was buffered at pH 9 with 0.1 mM Capso (Sigma-Aldrich) if not stated otherwise.
Kinetic Measurements. The hydrophobic caged proton, (6,7-dimethoxycoumarin-4-yl)methyl diethyl phosphate (11) released protons, 6,7-dimethoxy-4-(hydroxymethyl)coumarin, and a diethyl phosphate anion in a region of interest when exposed to UV light emitted by a xenon flash lamp (Rapp Opto Electronics). For fluorescent excitation of the pH indicator FPE in a second region of interest, we used a 150-W xenon lamp, connected via a monochromator to an inverse microscope (20× objective). A photodiode collected the fluorescent light that went backward into the objective. After being passed to a current amplifier (Heka, EPC9) the signal was digitized and stored in a personal computer for further analysis. Three sets of diaphragms were used (compare Fig. 1 ) to define the rectangular-shaped stripe for proton release, the quadratic area of fluorescence excitation, and quadratic area of emission measurements (10) . The distance between the areas of release and measurement varied between about 45 μm and 130 μm, respectively.
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